Chromosome translocations in peripheral blood lymphocytes of normal, healthy humans increase with age, but the effects of gender, race, and cigarette smoking on background translocation yields have not been examined systematically. Further, the shape of the relationship between age and translocation frequency (TF) has not been definitively determined. We collected existing data from 16 laboratories in North America, Europe, and Asia on TFs measured in peripheral blood lymphocytes by fluorescence in situ hybridization whole chromosome painting among 1933 individuals. Author's personal copy A.J. Sigurdson et al. / Mutation Research 652 (2008) 112-121 113 In Poisson regression models, age, ranging from newborns (cord blood) to 85 years, was strongly associated with TF and this relationship showed significant upward curvature at older ages versus a linear relationship (p < 0.001). Ever smokers had significantly higher TFs than non-smokers (rate ratio (RR) = 1.19, 95% confidence interval (CI), 1.09-1.30) and smoking modified the effect of age on TFs with a steeper age-related increase among ever smokers compared to non-smokers (p < 0.001). TFs did not differ by gender. Interpreting an independent effect of race was difficult owing to laboratory variation. Our study is three times larger than any pooled effort to date, confirming a suspected curvilinear relationship of TF with age. The significant effect of cigarette smoking has not been observed with previous pooled studies of TF in humans. Our data provide stable estimates of background TF by age, gender, race, and smoking status and suggest an acceleration of chromosome damage above age 60 and among those with a history of smoking cigarettes.
Introduction
Chromosome aberrations are a biological marker of clastogenic exposures and of cancer susceptibility [1] [2] [3] [4] . Genotoxic agents, including chemicals and ionizing radiation, induce chromosomal aberrations including translocations. Because translocations frequently persist through mitosis so that the affected cells and their progeny remain viable, they are of interest as a biomarker because they allow for meaningful assessment many years after the putative exposure has occurred [5] [6] [7] [8] [9] . Increased frequencies of stable and unstable chromosome aberrations are known to occur after radiation exposure and to increase with age. However the effects of gender, ethnicity, and lifestyle factors (such as cigarette smoking) on background translocation yields have been difficult to assess due to small sample sizes [10] [11] [12] [13] [14] [15] . For many years chromosome aberration frequencies have been known to increase with age [16] [17] [18] [19] [20] , but the relationship between translocation frequencies and age has not been well characterized. More precise estimates of background translocation levels in humans are needed [21, 22] . Stable baseline estimates will be very valuable for providing a comparison group to study populations that have been chronically exposed to environmental genotoxins at very low levels. In such cases it would be difficult to detect differences unless the exposed group was large and many thousands of cells are scored [9] . Pooled analyses of translocation data in unexposed individuals using fluorescence in situ hybridization (FISH) whole chromosome painting have been conducted among 436 and 385 persons [23, 24] . In these and other studies, background translocation frequencies were strongly influenced by age with a suggestion of an upward curvature at older ages [10] [11] [12] [23] [24] [25] . However, whether the translocation and age relationship was modified by gender, race, or smoking has remained unclear. Here we extend these earlier efforts by expanding the number of international laboratories contributing data using FISH painting to determine the effects of age, gender, ethnicity, and cigarette smoking on baseline translocation frequencies.
Methods

Study design and data collection
Potential contributing laboratories with FISH chromosome painting translocation data were identified from knowledge of several co-authors and from PubMed searches using the MESH terms "radiation dose, human, FISH, cytogenetics, chromosome aberrations". Laboratories and individual investigators were contacted and asked to provide data on the subjects in their previous or ongoing studies who were unexposed to ionizing radiation other than radiation from natural background sources or routine personal medical diagnostic procedures. Each laboratory sent data on individuals without personal identifying information. This study was based on anonymized data, for which a National Institutes of Health human subjects exemption was obtained from the Office of Human Subjects Research.
A pooled analysis of data from peripheral blood lymphocytes was performed on 1933 persons from 16 laboratories who were studied either to determine background translocation frequencies or had served as controls in studies of radiation-or chemical-exposed populations. We requested information on age at time of blood collection, gender, ethnicity, and cigarette smoking status. Newborns, from whom cord blood was obtained, were assigned as cigarette smokers or non-smokers based on the smoking status of the mother during pregnancy. For all subjects we collected data on the specific chromosomes painted, number of paint colors used, number of metaphase cells scored, and the number of translocations counted. Translocations, whether apparently reciprocal ("two-way") or non-reciprocal ("one-way"), were counted as a single translocation event. The premise for the single count was that most non-reciprocal translocations are in fact reciprocal at the molecular level [26] and that under these conditions the frequency of complex rearrangements is negligible.
Blood sample collection and culture methods
All of the blood was collected following informed consent and the blood drawing had been approved by each laboratory's human subjects review board. Individual laboratories cultured the blood samples and painted various combinations of chromosomes according to their routine practices [10, 15, [27] [28] [29] [30] [31] [32] [33] [34] [35] . The specific chromosomes that were painted and the number of colors used by each laboratory are shown in Table 1 . Lymphocyte cultures were incubated typically for 48 h, which is known to produce cells that are primarily in their first mitotic division in vitro. Some cells were cultured for as long as 72 h. Although these cultures will contain many cells in their second division, this should not have a large effect on the translocation yield because translocation frequencies in cultured human peripheral blood lymphocytes do not show major changes during the first 72 h [33] .
Scoring methodology
Well-spread metaphase cells were considered suitable for scoring if the cells appeared to be intact, the centromeres were morphologically detectable and present in all the painted chromosomes, and the fluorochrome labeling was sufficiently bright to detect exchanges between chromosomes labeled in different colors. See Fig. 1 for a photograph of exchanges occurring between painted chromosomes. Clonal cells were identified in some samples from some laboratories. Where present, clones were defined as three or more cells with the same translocation, and translocations in clonal cells were counted only once. For some of the laboratories located in Western Europe, only stable cells were eligible for inclusion. Stable cells were defined as those not containing any dicentric, centric ring, or acentric fragment in either the stained or counterstained chromosomes. Because unstable cells are rare among persons having negligible exposure to radiation, they may be practically ignored as only trivially contributing to between-laboratory differences [24] . Conversion of metaphase b Some laboratories reported painting other chromosomes or varying the number of colors: CRIRR had 7 subjects (16%), LLNL had 14 subjects (5%), and WRI had 23 subjects (17%) for which the chromosome painting descriptions differed slightly from the table. These differences were included in the calculations for the aggregated data.
c The fraction of exchanges detected was calculated using equations appropriate for one-to three-color paints [36] and was based on the DNA content of the painted chromosomes [37] . The proportion of genome coverage differs slightly for males and females due to the larger size of the X compared to the Y chromosome and some laboratories adjust for these gender differences in their calculations. For ease of presentation we show here the proportion for men, which is minimally larger than for women, however the calculations for the aggregated data were performed using gender-specific equations as described in the text. cells scored to whole-genome equivalents (defined as cell equivalents or CEs) was calculated using equations appropriate for one-color to three-color paints [36] . Due to small variations in the methods that each contributing laboratory used to calculate CEs, we re-calculated them in a standardized manner based on the DNA content of the painted chromosomes [37] , including the X and Y chromosomes according to the gender of each donor. 
Data inclusion criteria
The data for individual subjects were considered eligible for inclusion if they met the following criteria: complete information on gender, race, age, and smoking status; 100 or more CEs evaluated; and no exposure to ionizing radiation except for natural background levels or for routine medical diagnostic procedures. In total there were data available for 2067 individuals. We excluded 127 subjects due to missing data on age, gender, race or smoking; 4 subjects were eliminated because they had fewer than 100 CEs evaluated; 3 subjects were removed because they had undergone prior therapeutic radiation, leaving a total of 1933 subjects who were evaluated. Of these, 1400 subjects had at least 300 CEs scored, and 533 subjects had more than 100 CEs but fewer than 300 CEs evaluated.
Statistical methods
For each individual, we calculated the translocation frequency (TF) as the number of translocations per 100 CEs. While called "frequency", for statistical purposes this should more appropriately be thought of as a rate, hence comparisons between groups are rate ratios. Means and standard deviations of TFs were calculated within 5-year age intervals and by categories of other covariates. Poisson regression was used to evaluate the association between TFs and the covariates of age, smoking cigarettes (ever vs. never), gender, race (Asian, Black, White, Other), and laboratory, by estimating rate ratios for categories of one covariate relative to a reference category adjusted for all other covariates. A Pearson scale factor was used to correct for over-dispersion. All calculations were performed with EPICURE software [38] .
The shape of the relationship between TF and age was evaluated based on a linear-exponential model
where the intercept α represents the translocation rate at age 0 (i.e., birth), the linear slope parameter β represents the increase in translocation rate per year of age, and the loglinear curvature parameter γ measures downward concavity (γ < 0) or upward convexity (γ > 0) with age, and thus the degree of departure from linearity. A test of the null hypothesis, γ = 0, is a test of no departure from a linear relationship in age. For convenience in fitting this model, exp(α*) and exp(β*) replace α and β, respectively, to avoid range restrictions on the parameters. We considered other ways to model non-linearity, including fully loglinear models with and without a quadratic term for age. Models were compared by visual inspection of the corresponding plots and by assessing the goodness of fit based on the deviance, even though not all of these models are nested and formal statistical comparisons based on the deviance were therefore not possible. We evaluated potential modifications of the relationship between TF and age by smoking, gender, race, and laboratory using likelihood ratio tests to assess whether the slope or curvature, or both, varied across categories of the potential effect modifier. To assess the main effect of laboratory and its potential role as a modifier of the relationship between TF and age, we collapsed the 16 laboratories into four geographic regions: Asia included laboratories located in Japan and Korea; Central and Eastern Europe included laboratories in the Czech Republic and Russia; North America included laboratories in the United States and Canada; Western Europe included laboratories in the United Kingdom, France, Spain, Germany, Finland, and The Netherlands.
We evaluated the consistency of our results by using several approaches. We stratified by geographic region and also further restricted our analyses to individuals in whom 300 CEs or more scored. We ultimately relied on data based on at least 300 CEs to reduce the inter-laboratory variability in TF scoring. Table 1 displays the descriptive features of the chromosome painting and average number of cell equivalents analyzed by each laboratory. A total of 1933 persons were included, who ranged in age from zero (cord blood from newborns) to 85 years with a mean age of 43 years of whom 39% were women, 9% Asian, 13% Black, 75% White, and 2% were other races ( Table 2) . Thirty-nine percent reported ever (current or former) cigarette smoking. Means of the translocation frequencies by age for all the study subjects combined and by gender are shown in Table 3 . These unadjusted translocation frequencies were slightly lower in women than men up to about age 50, and then became higher among women than men. The rate ratios, which were restricted to those for whom at least 300 CEs were scored and were based on a multivariate model including all covariates, increased with age, and were marginally lower in women compared to men. Rate ratios were significantly higher among cigarette smokers compared to non-smokers (rate ratio (RR) = 1.19; 95% confidence interval (CI), 1.09-1.30) ( Table 4) . The rate ratios for Asian and those of other races were not significantly different from Whites, however, Blacks had lower TFs compared to Whites (RR = 0.84; 95% CI, 0.71-0.99). TFs from laboratories in Asia and Western Europe were not statistically significantly different from North American laboratories, but Central and Eastern European laboratories were associated with higher TFs (RR = 1.75; 95% CI, 1.24-2.47) compared to the other laboratories.
Results
The slope and curvature terms of a model for age were estimated to be larger than zero and were highly statistically where TR is the translocation rate and age is in years. significant (p < 0.001 for both). The model fit the data well ( Fig. 2 ) and resulted in a lower deviance (4186.6) compared to a loglinear model with a quadratic term (4235.8) with a similar number of parameters, although the models are not nested and formal statistical comparisons based on the deviance are therefore not possible. These results indicate that the TF increases with increasing age and that upward curvature occurs for ages above 60 years. Excluding individuals from whom fewer than 300 CEs were scored resulted in slightly lower age-specific mean TFs with the difference between the curves becoming more pronounced at older ages, but a linear model with loglinear curvature term resulted in highly significant parameter estimates (p < 0.001 for both) and continued to describe the data best (Fig. 3) .
Age-related TFs differed significantly between geographic region (p < 0.001), and the age-specific TFs were best described with a linear slope and loglinear curvature term for Central and Eastern European and North American laboratories with all slope and curvature parameters significantly larger than zero (p < 0.01 and p < 0.01 for Central and Eastern Europe, respec- Fig. 3 . Age-specific translocation frequencies using all the data (N = 1933) compared to the plot using data restricted to individuals for whom at least 300 CEs were evaluated (N = 1400). Age-specific mean translocation frequencies were slightly lower when the data were limited to 300 CEs or greater, however, a linear model with a loglinear curvature term continued to fit the data best. tively, p < 0.01 and p < 0.001 for North America, respectively). In contrast, the curvature term for Western European laboratories was not significantly different from zero (p = 0.40) so that the relationship between TF and age was best described with a linear slope term alone (Fig. 4) . Age-related TFs were best described with a log-linear model for the Asian laboratories. Age-specific translocation frequencies under 60 years were highest in Central and Eastern European laboratories, intermediate in the Asian laboratories, and similar for North American and Western European laboratories. For individuals over age 60 years, the age-specific translocation frequencies remained highest in the Central and Eastern European laboratories, inter- a The confidence intervals were based on the asymptotic normal distribution of the estimated Poisson regression coefficient representing the expected age-specific log translocation frequency. The Poisson model also included a scale factor to account for overdispersion. The scale factor was estimated as the overall Pearson χ 2 -test divided by its degrees of freedom. mediate in the Asian and North American laboratories, and lowest in the Western European laboratories.
Smoking significantly modified the TF and age relationship (p < 0.001) when the data were restricted to individuals with at least 300 CEs scored, with ever smokers having steeper age-specific TFs than non-smokers (Fig. 5) . Gender did not significantly influence the age-specific translocation frequencies when the data were restricted to those with at least 300 CEs scored (p = 0.10, Fig. 6 ).
Race significantly altered the relationship between TF and age (p = 0.002) when at least 300 CEs were scored (Fig. 7) . Asians tended to have higher TFs than Blacks, with the TFs for Whites being more similar to Blacks at young ages (<50 years) and more similar to Asians at older ages (>50 years).
Discussion
We have shown that chromosome translocation frequencies (expressed per 100 CEs) in peripheral blood lymphocytes of normal, healthy people increase with increasing age. The data indicated an upwardly curving relationship, i.e., the rate of increase is also increasing with age. We further evaluated the consistency of this observation by restricting the data analyzed to the scoring of at least 300 CEs per subject, which reduced the variability. The shape of the relationship remained unchanged, supporting our observation that at older ages there was an apparent acceleration in chromosome damage after about age 60. Ever smoking cigarettes appeared to be related to higher TFs than for never smokers. Smoking further modified the TF and age relationship with a steeper increase in smokers than nonsmokers. Female gender was associated with a non-significantly lower TF but gender did not alter the TF and age relationship when accounting for the effect of smoking, race, and laboratory. We found significant differences in TFs between geographically diverse laboratories, indicating possible differences in the human populations studied, or more likely, that laboratory practices differed in unique aspects, which introduced variability. Although the TFs significantly differed by race, it was very difficult to distinguish completely a race effect from a laboratory effect.
Nearly all studies have reported age as a strong predictor of TFs [11, 12, 15, [23] [24] [25] but upward curvature at older ages was not consistently observed. We definitively demonstrate the presence of upward curvature at older ages in this report. The data from the Western European laboratories did not completely conform to this relationship, although an earlier report consisting of nearly all of the same laboratories noted the presence of some upward curvature [24] . An explanation for the difference was that an additional Western European laboratory was included in the present analysis and the TFs from this laboratory were lower at older ages.
The frequency of stable translocations is thought to increase with age because they are induced throughout life and undergo little negative selection during mitosis [33, 39, 40] . However, the reason(s) translocation frequencies increase in a curvilinear manner is unknown. Several age-related mechanisms may explain this observation. Age-related increased exposure to external clastogens may occur, e.g., diagnostic X-rays, and while this may explain part of the increase in TFs at older ages, it seems unlikely that the increase occurring between birth and age 20 is caused by medical X-ray exposure. Increases in internal clastogenic activity with age, such as reactive oxygen species, may be possible but such a relationship with the induction of chromosome exchanges has not been established. Similarly, age-related changes in double strand break repair remain largely unexplored. A decrease in the population renewal rate of T-lymphocytes with age is also possible, but again, the effect on TFs is unknown. Of relevance here is the observation that the frequency of dicentrics (having two centromeres) appears to increase with age [11, 41] . Since cells with dicentrics undergo strong negative selection during mitosis [42] , at steady state their frequency will remain proportional to their rate of induction provided that the abovementioned mechanisms are not operational. However, the fact that the frequency of dicentrics does increase with age argues in favor either for an increase in their rate of formation or a decrease in their rate of selection, or both, rendering support to one or more of the described scenarios. While at present it is not possible to distinguish between these possibilities, the dicentric data provide corroborative support for the notion that the rate of formation and/or the rate of negative selection are not constant over the human life span.
The present study is the most definitive to date to show that cigarette smoking increases TFs. The only other large pooled study on this topic of evaluated 385 individuals from Western Europe, and this study did not find a significant effect of smoking on TF [24] . Pooled studies, with very large sample sizes, may facilitate the detection of effects such as smoking on TF. In addition, we conducted multivariate modeling, i.e., we allowed for statistical adjustment of other factors, which also may have permitted us to identify a smoking effect. However, we can only speculate whether the effect of smoking was biologically meaningful. The study was not designed to evaluate specific chromosome translocations or disease outcomes, such as cancer, so a relationship between cigarette smoking and other health outcomes can only be inferred [43, 44] .
Gender did not affect TF, in agreement with several previous studies conducted among control populations [23, 24] . We were unable to distinguish the separate effects of laboratory and race, especially with respect to differences between TFs among Asians compared to Blacks. It appeared that Blacks may have lower TFs than Whites. Future work in the same laboratory or in multiple laboratories with adherence to standardized procedures and with a robust study design will be required to determine whether the differences detected among races are real.
The age-specific background TFs provided in this report will be valuable to future studies for comparison when assessing the biological effects of environmental exposure or to provide data for sample size and power calculations. Moreover, our data could be used for comparison values in retrospective exposure studies where physical dosimetry is uncertain or unavailable.
Our pooled study from 16 international laboratories has several strengths including a sample size that was far larger than that attainable by a single institution. This allowed us to conduct statistical modeling and to carry out several sensitivity and stratified analyses to examine the consistency of the relationships we observed. Inter-laboratory differences contributed to the variability in TFs, underlining the importance of inter-laboratory comparisons, especially in samples with low translocation yields [5] .
This study has several limitations. While we were able to evaluate certain specific covariates for the questionnaire data that were common among the different laboratories, these were limited to age, gender, race, and smoking status (ever/never).
Future studies should consider effects of other lifestyle factors on TFs such as alcohol consumption, and should be designed to obtain more detailed smoking histories than were possible in the present, retrospective, effort. A prospective study is needed that would evaluate age, race, and other under-studied sub-groups to maximize the information gained. TFs exhibit a wide range of inter-individual variability, much of which is unexplained. Laboratory differences appear to be a significant factor but the variability could be related to underlying genotypes. A prospective study could also genotype each research subject for several haplotype-tagging variants in genes involved in DNA repair, telomere maintenance, apoptosis, cell cycle checkpoint control, and others that could help determine the source of the variability in TFs. Some efforts have already been undertaken following this line of inquiry [45] [46] [47] . The data presented here are sparse for some age-specific strata, particularly between ages 1 and 5, and 75 years and older. Another limitation concerns the possibly varying level of diagnostic radiation exposure for the populations from each of the contributing laboratories, which could affect the baseline levels of translocations since they represent cumulative exposure and may have contributed to the observation of upward curvature at older ages. However, we were unable to evaluate the effect of personal X-ray examinations in the present study.
Chromosome aberration frequencies have increasingly been used for the study of various occupational and environmental exposures [2] . The availability of a resource for comparison, such as we have provided with this pooled study of existing data, should prove beneficial. The usefulness of this resource presumes the research laboratory follows procedures that are similar to those presented here, whether the putative exposure is to radiation or to chemicals. It is clear that despite concerted attempts to reduce inter-laboratory variation, there remain unique influences of the individual laboratories that are unlikely to be resolved without addressing the reasons for the underlying variability.
In summary, we found that the relationship between age and TF was best described as linear at younger ages with upward curvature at older ages. The reason for the acceleration of TFs over age of 60 is not known. The age-specific TFs were significantly modified by smoking. However, without knowing other healthrelated outcomes (such as cancer occurrence) it is difficult to conclude that the increased TF in ever smokers was biologically important for disease risk. We did not detect a modifying effect of gender, and the influence of race was difficult to interpret given the laboratory variation. We have provided an international resource for comparing TFs in control populations, i.e., in people who are unexposed to ionizing radiation and chemicals except for normal background levels and small medical diagnostic exposures. These data may be used in designing future studies and for evaluating instances of accidental or occupational radiation exposure.
